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A B S T R A C T 
 
The rising of cold water from deeper levels characterizes coastal upwelling systems. This flow makes 
nutrients available in the euphotic layer, which enhances phytoplankton production and growth. On 
the Brazilian coast, upwelling is most intense in the Cabo Frio region (RJ). The basic knowledge of 
this system was reviewed in accordance with concepts of biophysical interactions. The high 
frequency and amplitude of the prevailing winds are the main factor promoting the rise of South 
Atlantic Central Water, but meanders and eddies in the Brazil Current as well as local topography 
and coast line are also important. Upwelling events are common during spring/summer seasons. 
Primary biomass is exported by virtue of the water circulation and is also controlled by rapid 
zooplankton predation. Small pelagic fish regulate plankton growth and in their turn are preyed on by 
predatory fish. Sardine furnishes an important regional fish stock. Shoreline irregularities define the 
embayment formation of the Marine Extractive Reserve of Arraial do Cabo making it an area with 
evident different intensities of upwelled water that harbors high species diversity. Consequently, on a 
small spatial scale there are environments with tropical and subtropical features, a point to be 
explored as a particularity of this ecosystem. 
 
R E S U M O 
 
Os sistemas costeiros de ressurgência são caracterizados pela ascensão de águas frias que tornam os 
nutrientes disponíveis na camada eufótica para o crescimento e aumento da produção fitoplanctônica. 
No Brasil, a região do Cabo Frio (RJ) é o principal sistema de ressurgência costeira. O objetivo desse 
artigo foi revisar o atual conhecimento desse sistema através dos conceitos sobre interações 
biofísicas. A ascensão da Água Central do Atlântico Sul ocorre devido à alta frequência e amplitude 
dos ventos, à presença de meandros e vórtices na Corrente do Brasil, além da topografia local e da 
linha de costa. Os eventos de ressurgência são comuns durante os períodos de primavera/verão e a 
biomassa primária é exportada devido à circulação da água, sendo também controlada pela rápida 
predação zooplanctônica. Os pequenos peixes pelágicos regulam o crescimento do plâncton e são 
consumidos pelos peixes predadores, resultando em um importante estoque pesqueiro regional. A 
irregularidade da costa define as enseadas do Cabo Frio, na Reserva Extrativista Marinha do Arraial 
do Cabo, apresentando distintas influências das águas ressurgidas e resultando em grande diversidade 
de espécies. Consequentemente, ambientes com características tropicais e subtropicais são 
observados dentro de uma pequena escala espacial, o que constitui uma  particularidade desse 
ecossistema. 
 
 
Descriptors: Physical oceanography, Primary production, Trophodynamics, Benthic community, 
Conservation, Coastal management. 
Descritores: Oceanografia física, Produção primária, Trofodinâmica, Comunidade bentônica, 
Conservação, Manejo costeiro. 
 
 
                    
INTRODUCTION 
  
 
Biophysical interactions are clearly evident 
in upwelling systems. The rising of deep cold water 
makes nutrients available for primary production in 
the euphotic zone where mass and energy are 
transferred through trophic webs (LEHMANN; 
MYRBERG, 2008). Further, water temperature 
variations structure trophic webs (DALY; SMITH JR., 
1993). 
Physical processes are important in 
the structuring of biological communities and for 
particle fluxes on both large and small spatial scales. 
Biological processes are more important on small 
spatial and temporal scales, since vertical migration 
and predation control planktonic production (DALY; 
SMITH JR., 1993). Furthermore, primary biomass is 
controlled both by physical (atmospheric, 
oceanographic and geomorphological) and biological 
(ecological interactions) factors. The main 
factors involved in primary producer regulation are 
hydrodynamics, phytoplankton physiology and 
adaptability, as well as zooplankton predation (DALY; 
SMITH JR., 1993; DENMAM; GARGETT, 1995). 
The most productive areas in the ocean are 
the upwelling regions on the western coasts of the 
Americas  and Africa  (SMITH, 1968). In the Eastern 
Boundary Current systems cold bottom water rises 
from moderate depths as a result of the combined 
effects of trade winds, Coriolis force and Ekman 
transport. The Benguela and Humboldt systems have 
the highest Ekman transport with the greatest 
upwelling intensity, although the Benguela system 
presents the higher chlorophyll a concentrations 
(ARNTZ et al., 2006). 
Primary production is linked to thermocline 
topography since the latter coincides with the 
nutricline. Sattelite images indicate that primary 
production is at its highest in the Benguela and Canary 
systems, being followed by the Humboldt and 
California regions, respectively (PENNINGTON et al., 
2006). However, the marine ecosystem off Peru is the 
main producer of fish biomass, yielding more than 20 
times the tonnage produced by other upwelling 
systems (BAKUN; WEEKS, 2008). 
Coastal upwelling is very common around 
the world. In Brazil, coastal upwelling areas are 
observed in seven regions along the 
southeastern/southern coast (Vitória, São Tomé, Cabo 
Frio, São Sebastião, Santa Catarina, Santa Marta and 
Rio Grande do Sul). The upwelling intensity is 
highest in the Cabo Frio region (Rio de Janeiro state) 
that has an extension of 150-400 Km from Arraial do 
Cabo city contrasting with an extension of 70 Km on 
the Santa Catarina coast (KAMPEL et al., 1997). This 
paper discusses relevant regional studies undertaken 
on the Cabo Frio upwelling system. We hope to 
contribute to discussions of perspectives and future 
research on the main Brazilian upwelling ecosystem.  
  
 
PHYSICAL DYNAMICS AND THE 
OCEANOGRAPHIC UPWELLING PROCESS IN THE 
CABO FRIO SYSTEM 
  
In coastal upwelling regions, stratification 
stability is a function of temperature and water 
currents. The mixing of superficial and deep waters 
occurs due to combination of vertical distribution 
velocity and water density (ALLEN, 1980; WINANT, 
1980). On the Brazilian coast, the rising of the South 
Atlantic Central Water (SACW) determines the 
upwelling event in the southeastern-southern region. 
Consolidation of the SACW occurs in the Subtropical 
Convergence region (33-38°S), in the confluence zone 
of the Malvinas and Brazil Currents (STRAMMA; 
PETERSON, 1990). SACW is transported by the 
South Atlantic Current to the African coast, where it 
joins the Benguela and Agulhas Currents (Fig. 1). 
SACW is also important in the Benguela and Canarias 
upwelling systems (PELEGRÍ et al., 2005) and turns 
back towards the South American coast around 16-
20°S flowing northwards with the North Brazil 
Undercurrent and southwards with the Brazil Current 
(STRAMMA; ENGLAND, 1999). 
Brazilian upwelling events are more 
pronounced in the Cabo Frio upwelling system (23°S, 
42°W; Fig. 1) and are more frequent and intense 
during austral spring and summer seasons, mainly by 
virtue of the prevalence of the northeasterly (NE) 
winds (CASTELÃO; BARTH, 2006; CALADO et al., 
2008). However, other factors might also be important, 
including: 1) seasonal variations of the Brazil 
Current's (BC) position (STRAMMA; PETERSON, 
1990); 2) the geostrophic balance determining the 
vertical movements of the SACW (SIGNORINI, 
1978); 3) coastal water suction due to BC eddies, and 
4) introduction of SACW onto the continental 
platform induced by  meanders of the BC (CAMPOS 
et al., 2000). 
The change in the line of the coastline from 
north-south to east-west defines the Cabo Frio region 
and this configuration brings continent and continental 
platform together (Fig. 2). Both coastline geometry 
and bottom oceanic topography influence the 
magnitude of the upwelling (RODRIGUES; 
LORENZETTI, 2001). The topography of the ocean 
bed also increases the energy and activity of meso-
scale eddies (CALADO et al., 2010).  
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Fig. 1. Representation of the South Atlantic Central Water (SACW) geostrophic current at about 
100 to 500 m depth. The region of the formation of this water mass in the Brazil-Malvinas 
Confluence Zone (BMCZ) is shaded. The Brazil, Malvinas, Antarctic Circumpolar, South Atlantic, 
Benguela and Agulhas (AC) Currents and the North Brazil Undercurrent (NBUC), as well as the 
Angola and Brazil gyres are also shown. The circle indicates the Cabo Frio Upwelling Region and 
the rectangles represent upwelling processes along the Brazilian coast (Adapted from Stramma and 
England, 1999).  
 
 
Fig. 2. The Cabo Frio upwelling region (white rectangle). White arrow shows the extension of 
upwelling events within 150-400 Km of Arraial do Cabo (Rio de Janeiro state). White circles 
represent meanders and eddies in Brazil Current (CAMPOS et al., 2000). Modified from Google 
Earth®. 
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  A yearly variation in upwelling processes 
has been observed on the Chilean coast (RUTLLANT; 
MONTECINO, 2002), as well as in the Cabo Frio 
system (Elias, unpublished data), and both were 
associated with El Niño/La Niña events. Oceanic-
atmospheric physical processes are also essential to 
the peculiar climate that determines the semi-arid 
vegetation of the Cabo Frio region and which contrasts 
with that of other parts of the Brazilian coast 
(FRANCHITO et al., 1998; 2007; 2008). This is an 
expected pattern since desert or arid adjacent land 
areas are commonly found in the regions of upwelling 
systems (ODUM, 1983). 
   
 
PHYSICAL-BIOLOGICAL INTERACTIONS: 
ECOLOGICAL CONSEQUENCES OF UPWELLING 
  
Plankton Biomass and Productivity 
  
 
Upwelling productive areas generally 
present: 1) a high amplitude and frequency of auxiliary 
energy (usually the mechanical energy of the wind); 2) 
a high covariance of irradiation and nutrient 
concentration, and 3) a temporal or spatial delay in the 
interaction between primary and secondary producers 
(DALY; SMITH JR., 1993). Although the Cabo Frio 
upwelling system has high amplitude and frequency of 
wind auxiliary energy, the advection force is surely an 
important factor regulating phytoplankton biomass 
(VALENTIN et al., 1987a) since phytoplankton 
blooms can last less than one day (CARBONEL, 
2003). Further, rapid zooplankton growth increases 
herbivory pressure (VALENTIN, 1984a; MCMANUS 
et al., 2007). 
Since irradiance is rarely a limiting factor, 
Valentin (2001) considered that the biomass and 
primary production observed in the Cabo Frio 
system are lower than those of the major upwelling 
systems due to its reduced surface heating of upwelled 
water. The heating and mixture of SACW favor 
diatom and nanophytoplankton production 
(GONZALEZ-RODRIGUEZ, 1994; GONZALEZ-
RODRIGUEZ; TENEMBAUM, 1995; GUENTHER 
et al., 2008). Also, the heterotrophic/autotrophic ratio 
and the viral abundance are negatively correlated with 
temperature (PEREIRA et al., 2010). 
While the thermocline in the Cabo Frio 
system usually oscillates around 12-14 m, in the 
Peruvian coastal upwelling it shoals to ≤ 40 m and 
both very often break the surface (PENNINGTON et 
al., 2006). The coldest temperature in the Cabo Frio 
region is around 13-14 °C, but it oscillates around 12-
16°C in the Chilean upwelling system (MONTECINO 
et al., 2004). 
Nutrient concentrations are one of the main 
factors causing variability in the production of 
upwelling environments (GONZALEZ-RODRIGUEZ; 
MAESTRINI, 1984; ARNTZ et al., 2006; 
PENNINGTON et al., 2006; BAKUN; WEEKS, 2008; 
PATTI et al., 2008). SACW has a higher temperature 
and lower nutrient concentrations at Cabo Frio as 
compared to the water of the Benguela system, since 
nitrate values fall from 30 µM in the Benguela system 
(BROWN; FIELD, 1986) to as little as 18 µM in the 
Cabo Frio region (GONZALEZ-RODRIGUEZ et al., 
1992). In the Canary Is. system, the SACW has a 
higher nitrate concentration than the North Atlantic 
Central Water, a water mass that upwells from 700 
m in the northern region above 21°N (PELEGRÍ et al., 
2005). 
On the other hand, the highest primary 
biomass and production have been found in the oldest 
upwelling waters with 12-16 °C and 0-2 µM of nitrate 
in the Benguela system (BROWN; FIELD, 1986). 
Both primary biomass and production were strongly 
correlated below 12 mg/m3 of chlorophyll a. The 
authors suggested that primary production was limited 
by low phytoplankton biomass in cold and fresh 
upwelling coastal waters and by nutrients and light in 
in oceanic areas. Furthermore, protozoan grazing 
regulates the phytoplankton stock to near constancy 
and surface layer recycling of fixed nitrogen as 
ammonia suppresses nitrate utilization so that it is 
never completely used up (MILLER, 2004). 
Iron is another element that can regulate 
phytoplankton growth and composition since it can 
determine nitrogen and silicate incorporation 
(DUGDALE; WILKERSON, 1998; HUTCHINS; 
BRULAND, 1998). Miller (2004) has suggested that 
iron limits the size of phytoplankton. On the Peruvian 
coast, iron is a limiting nutrient for phytoplankton 
growth (BRULAND et al., 2005). In the Cabo Frio 
system, nitrate is the main limiting nutrient but 
phosphate and to a lesser degree iron and molybdenum 
are also important in the regulation of phytoplankton 
biomass growth (GONZALEZ-RODRIGUEZ, 1991). 
Chlorophyll a concentrations reported in the main 
upwelling area of the Cabo Frio region varied between 
0.5 and 6.0 mg/m3 (GONZALEZ-RODRIGUEZ et al., 
1992; PEREIRA et al., 2009a) but a value of 21 
mg/m3 was observed during a microalgae bloom in 
the Cabo Frio Embayment. These values are 
comparable with those found in shelf and coastal areas 
of the southern and eastern Pacific (MONTECINO et 
al., 2004; PENNINGTON et al., 2006). 
As in the Cabo Frio region, the other 
systems usually present highest upwelling intensity 
during the summer season. The exception is the 
Benguela system where it occurs during the winter, 
presenting a disassociation of maximum upwelling 
intensity and maximum concentrations of chlorophyll. 
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Patti et al. (2008) suggested that some areas of the 
Benguela system maintain the elevated upwelling 
intensity and chlorophyll concentrations because its 
coastal area is extensive and wide. In contrast, the 
Peruvian and Brazilian coasts present a narrow 
continental shelf that facilitates the oceanic loss of 
primary biomass. The embayments along the Benguela 
system are a perfect place for plankton growth and 
elevated primary production. This is also observed in 
the Cabo Frio region; more precisely in the 
embayment situated in the Marine Extractive Reserve 
of Arraial do Cabo. 
In the Humboldt and Cabo Frio systems, the 
primary biomass peaks during spring and summer 
(September to March) whereas it is well defined 
during spring in the California system and during 
summer in the Canaries. Primary production in the 
Peru system is lower than in the northern 
Benguela area (BAKUN; WEEKS, 2008) but 
corresponds to around 0.5 % of global production with 
0.4 Gt C yr-1 (PENNINGTON et al., 2006). The 
primary production in the surface waters of the Cabo 
Frio system is equivalent to that in the Peruvian 
coastal upwelling (GUENTHER et al., 2008). 
However, the former is at least one order of magnitude 
lower than the latter if the euphotic zone and 
upwelling area are considered. Estimates of annual 
primary production and remote sensing applications 
on a regional scale require consideration, not only of 
alongshore variability, but also of vertical variability 
in these surface waters (MONTECINO et al., 2004). 
Data considering all this variability are still scarce for 
the Brazilian upwelling system. 
Heterotrophic bacterioplankton is important 
in inducing primary production, recycling compounds 
produced by autotrophic organisms and consuming 
organic material (CARVALHO; GONZALEZ-
RODRIGUEZ, 2004; YOSHINAGA et al., 2008; 
PEREIRA et al., 2009b). Heterotrophic bacterial 
activity did not change during upwelling 
(spring/summer) and subsidence (autumn/winter) 
seasons. Meanwhile, bacterial growth could be 
suppressed during the presence of SACW possibly due 
to its low temperature (GUENTHER et al., 2008). 
Besides Bacteria, Archaea are also important to carbon 
and nitrogen cycles in both the superficial and deep 
waters of the region (CURY et al., 2011). Meanwhile, 
the role of individual bacterial subgroups in oceanic 
food webs and biogeochemical cycles requires more 
research (YOKOKAWA; NAGATA, 2010). 
The Cabo Frio region is influenced by 
coastal, tropical and subtropical waters (VALENTIN, 
1984b; PEREIRA et al., 2008). The contribution of 
these different water types induces spatial and 
temporal variation in composition and abundance of 
bacterioplankton, phytoplankton and zooplankton, and 
community changes correlate with upwelling events 
(VALENTIN et al., 1987b; CURY et al., 2011). 
Valentin (2001) suggested that drift currents carry 
larvae out to the open sea which later return as adults 
to coastal surface waters when the duration of the 
upwelling events corresponds to the duration of the 
zooplankton life cycle. In relation to trophic groups, 
during maximum phytoplankton concentration, 
zooplankton is dominated by opportunistic herbivores 
and carnivores. After that, there is a succession of 
facultative herbivores, predators, detritivores and 
omnivores. 
  
 
Benthic Communities 
  
Benthic biomass usually reflects the 
production of its surrounding water since detritus not 
mineralized by the microbial loop in the water column 
are transferred to benthic organisms (POLIS et al., 
1997). Marine snow is a source of microbes and 
microorganisms are also observed in benthic systems 
of the Cabo Frio upwelling region. There is 
considerable heterotrophic prokaryotic activity in 
algae turfs and in the pheophyte Sargassum, being 
associated with trap detritus in the former and with 
primary production of the macroalgae in the latter 
(COELHO-SOUZA et al., 2012). Furthermore, a great 
diversity of Archaea, Bacteria and Algal plastids are 
associated with the reef-building corals Siderastrea 
stellata and Mussismilia hispida (LINS-DE-BARROS 
et al., 2010). In the Chilean upwelling system, suboxic 
natural conditions in sediment favor the development 
of the giant bacteria Thioploca (ESCRIBANO et al., 
2004). 
In the Cabo Frio system, algal tropical 
species are adapted to cold water with a reproductive 
peak during the upwelling season (GUIMARAENS; 
COUTINHO, 1996). Peaks in Ulva sp. abundance 
occurs during the upwelling season (GUIMARAENS 
et al., 2005) and SACW changes its carbon and 
nitrogen isotopic composition (FERRAZ et al., 2004). 
In addition, SACW provides conditions for completion 
of the temperate kelp Laminaria abyssalis life cycle 
and maximum growth of sporophytes in banks situated 
at 50-110 m depth (YONESHIGUE-VALENTIN, 
1990). 
The highest photosynthetic activity of 
epilitical algal turf occurs during summer and growth 
is regulated by reef fishes' herbivory (FERREIRA et 
al., 1998). The soft coral Palythoa caribaeorum is 
conspicuous at sites with lesser upwelling influence 
and it seems to determine reef fishes' zonation patterns 
(MENDONÇA-NETTO et al., 2008). The small scale 
tropical and subtropical features in the Cabo Frio 
region (Fig. 3) favor a great species richness of reef 
fishes on the southeastern/southern Brazilian coast 
(FLOETER et al., 2001). SACW also seems to 
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promote the dominance of predators such as crabs and 
sea stars (DE LÉO; PIRES-VANIN, 2006), great 
genetic variation in populations of the sponge 
Chondrilla (ZILBERG et al., 2006) and a great 
diversity of ascidian species (ROCHA; COSTA, 
2005). 
Sargassum sp. is a seasonal macroalga 
directly associated with the upwelling season 
(GUIMARAENS et al., 2008). This macroalga 
increases the rocky shore complexity, abundance and 
diversity of benthic invertebrates and reef fishes 
(FONSECA-GENEVOIS et al., 1998; ORNELLAS; 
COUTINHO, 1998). Abundance of the invasive 
bivalve Isognomon bicolor is positively associated 
with Sargassum sp. coverage, probably because the 
Sargassum sp. canopy protects bivalves against 
predation (LÓPEZ; COUTINHO, 2010). However, 
independently of the macroalga coverage, I. bicolor 
was less consumed than the exotic mussel Perna 
perna, considered an old introduction. It suggests that 
native predators (whelks) are still adapting their 
foraging skills to handle the more recent invader, I. 
bicolor (LÓPEZ et al., 2010). 
Temperature is also a physical factor 
influencing the ecology and physiology of benthic 
invertebrates. For example, two rocky intertidal 
predators fed more intensely in laboratory experiments 
simulating warm waters. However, growth was similar 
in both cold and warm waters probably due to a 
decrease in metabolic costs in colder conditions 
(SANFORD, 2002). 
Current action controls the composition and 
morphology of epibenthic biota (LEVINTON, 1982), 
as well as larvae transport (YOSHINAGA et al., 
2010). SACW was negatively associated with 
abundance and settling of the barnacles Tetraclita 
stalactifera and Chthamalus bisinuatus larvae. Nauplii 
abundance was high during summer contrasting with 
the highest concentrations of cypris during the 
subsidence period (SKINNER; COUTINHO, 2002). 
After larval settlement, the Tetraclita stalactifera 
growth was no different whether at sites under lesser 
or greater upwelling influence (SKINNER et al., 
2007). These results seem to agree with the expected 
pattern of shoreward larval transport with a relaxation 
of wind forcing after a coastal upwelling event, 
as observed in the California system 
(ROUGHGARDEN et al., 1988). However, future 
studies need to focus on larval transport linked to 
physical oceanographic conditions so as better to 
understand the influence of upwelling on the 
recruitment of different marine species in the Cabo 
Frio system. 
 
 
 
 
 
 
Fig. 3. Simplified trophic web in tropical (inside the Cabo Frio embayment) and subtropical (outside the Cabo Frio embayment) 
environments found in the Marine Extractive Reserve of Arraial do Cabo (Cabo Frio region). Continuous lines indicate a 
tropical web and the discontinuous line is associated with upwelling dynamics. White circle indicates impacted anthropogenic 
areas. DOM = dissolved organic matter. SPF = small pelagic fishes. During the presence of Coastal Water a detritus web 
prevails. See more details in the text. Modified from Google Earth®. 
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Nekton, Trophodynamics and Fishery Production 
  
Upwelling systems occupy but 1 % of the 
total oceanic area though they represent 20 % of world 
fisheries' production, a volume one hundred times 
greater than the annual global average. It has been 
estimated that 15-30 % of primary production sustains 
fishery production (CURY et al., 2000). Small pelagic 
fishes occupy intermediate trophic levels and they are 
essential to biomass stocks and energy transfer. 
Predatory fishery can change the abundance, 
composition and distribution of pelagic communities. 
The management of small pelagic fishes in upwelling 
areas is crucial for sustainable fishery production 
(RYKACZEWSKI; CHECKLEY JR., 2008). 
However, fishery management should be based on 
system-specific knowledge (MOLONEY et al., 2005). 
Cury et al. (2000) showed that in the 
Canaries, Benguela, California and Humboldt 
upwelling systems the natural mortality of pelagic 
fishes was higher than that due to anthropogenic 
fisheries. For example, 55 % of pelagic fishes were 
eaten by top predators like sharks in the Benguela 
system. Considering all four systems, 31 % of these 
small pelagic fishes were preyed on by large pelagic 
fishes, 27 % were captured by fishery activities, 23 % 
predated by demersal fishes and 19 % consumed by 
mammals and birds. Predation by birds is essential to 
nutrient cycling in the Peruvian upwelling system 
(JAHNCKE et al., 2004). In the Cabo Frio region, 
abundance of nekton provides an important food 
source for seabirds (as Sula leucogaster and Larus 
argentatus) over the inner shelf of Arraial do Cabo 
(VALENTIN, 2001). 
In upwelling systems, fish biomass tends to 
be dominated by a sardine or anchovy species. The 
Peru upwelling system presents the higher fishery 
production exactly because of the presence of both 
Sardinela aurita and Engraulis ringens species 
(MOLONEY et al., 2005). The alternation of 
dominance between these fishes restructures the 
ecosystem from phytoplankton to top predators 
(ALHEIT; NIQUEN, 2004). Anchovy shares the 
carbon fixed by phytoplankton with copepods but 
predatory fishery on Engraulis ringens increases 
carbon fluxes from copepods to euphasiids and 
sardines, as well as detritus flocculation to the benthic 
system (CURY et al., 2000). 
Following Rykaczewski and Checkley Jr. 
(2008), anchovy and sardine do not occupy the same 
niche. While anchovy population growth occurs 
during strong upwelling periods, sardine grows up to 
four times more during a weak upwelling period. 
Moreover, sardine spawning occurs in oceanic waters 
and both larvae and adults are specialized in feeding 
on plankton with diameters of less than 10 µm. 
Anchovy spawns close to the coast and is able to eat 
larger preys. The trophic position of anchovy and 
sardine as small pelagic fishes regulates trophic 
pyramids since both are plankton consumers and are 
preyed on by top predators. 
In the northwestern region of Africa, 
Sardinella aurita thrives with intense upwelling and 
high primary production (ZEEBERG et al., 2008). In 
the Californian region, microphytoplankton is 
dependent on oceanographic conditions that structure 
the trophic system. It regulates feeding places and the 
diets of nekton species, supporting profitable fishery 
stocks (BRODEUR; PEARCY, 1992). On the other 
hand, Wilson et al. (2008) suggested that the transport 
of fish larvae is more closely associated with the 
seasonal spawning cycle than with coastal 
oceanographic migration events. Superficial water 
temperature, latitude and depth are also important to 
explain fish larvae concentration (AUTH, 2008). 
In the Cabo Frio system, Sardine (Sardinella 
brasiliensis) predominates in fishery production 
mainly in the Arraial do Cabo marine protection area. 
The spawning peaks occur during summer, in stable 
and nutrient-rich environments, influenced by both 
SACW and BC close the coast (BAKUN; PARRISH, 
1990). The upwelling process is also important to 
the reproduction activity of other fishes, for example 
Diplodus argenteus (silver porgy), that spawns and 
recruits between August and March and presents 
optimum growth in 18-20°C waters (DAVID et al., 
2005). 
In the Cabo Frio region, sardine stocks 
collapsed during the 1970s and this was attributed to 
overfishing. However, Matsuura (1996) suggested that 
the decline in catches was caused by a recruitment 
failure of some year-classes, owing to a low frequency 
of upwelling events. In this situation an increase in the 
captures of species on higher trophic levels was 
observed, including oceanic fishes such as tunas and 
sharks. Thereafter, a decrease of predation on small 
pelagic fishes increased mackerel (Scomber sp.) 
biomass (VASCONCELLOS; GASALLA, 2001). 
Other important species for local fishery 
activities are Pomatomus saltatrix, Trichiurus 
lepturus, Enthynmus alleterattus, Scomber japonicas, 
Caranx latus and Coryphaena hippurus. Inside the 
Arraial do Cabo embayment, where there is less 
influence of upwelled waters, the tide cycle seems to 
be important for fishery activities. The number of 
individuals, species richness and diversity were higher 
during low tide as a reflection of the abundance of 
juvenile individuals (GAELZER; ZALMON, 2008). 
Squids are also important fishery items and 
are associated with upwelling dynamics (COSTA; 
FERNANDES, 1993). However, high pollutant 
concentrations in squids and marine mammals (such as 
whales and dolphins like Stenella frontaris, Pseudorca 
crassidens, Tursiops truncatus, Steno bredanensis and 
                                         COELHO-SOUZA ET AL.: CABO FRIO UPWELLING SYSTEM                                       359 
 
                    
Delphinus delphis) from the Rio de Janeiro coast are 
associated with the rising of SACW (DORNELES et 
al., 2007; 2010). 
  
GLOBAL CHANGES AND LOCAL IMPACTS 
  
Since upwelling phenomena are dependent 
on the physical interaction between atmosphere and 
ocean, Bakun (1990) considered that the consequences 
of global warming in upwelling ecosystems are 
particularly uncertain but potentially dramatic. If 
winds increase their intensity and frequency, 
upwelling events must be intensified. An increase in 
wind intensity and primary production has 
been suggested during the last 40 years in the central 
equatorial Pacific Ocean. However, great changes may 
have occurred during the past 250 kyr, when 
upwelling rates were 1.5 times lower than at the 
present (LYLE et al., 1992). 
Diffenbaugh et al. (2004) followed Bakun's 
(1990) studies and proposed that land-cover feedbacks 
enhance the effects of CO2 on the California Current's 
activity. Changes in land-cover are causing alterations 
in the intensity and seasonality of upwelling that 
would likely impact both marine and terrestrial 
environments. A month’s delay of favorable winds 
reduced concentration of nutrients, chlorophyll a and 
recruitment of barnacles and mussels in the California 
upwelling system (BARTH et al., 2007). Land use is 
increasing in the Cabo Frio region. 
There is a long-term variation in upwelling 
magnitude beyond that related to anthropogenic CO2 
increase and its variability is also associated with “El 
Niño” or “La Ninã” events (FIELD et al., 2006). “El 
Niño” events have usually been associated with 
upwelling in the Humboldt system during the last 
seven thousand years (LOUBERE et al., 2003). In the 
Cabo Frio system, Laslandes et al. (2006) suggested 
that the influence of “El Niño” events has 
been increasing over the last four thousand years and 
upwelling processes must have been associated with 
the predominance of northeasterly winds for about the 
last 2,400 years. Moreover, climatic changes in the last 
1,000 to 3,000 years could have intensified upwelling 
events during the last seven hundred years 
(MAHIQUES et al., 2005). It has been suggested that 
the upwelling events in the Benguela system started 
ten million years ago (SIESSER, 1980). In the 
Canaries system, it has been estimated that upwelling 
has intensified over the last 15-24 thousand years 
(SICRE et al., 2001). In the California system, a 
regular upwelling frequency has been projected back 
over the last 120 thousand years (KILLINGLEY; 
BERGER, 1979). 
An increase in upwelling intensity has 
been suggested for the Canary (MCGREGOR et al., 
2007) and Benguela systems and may be a function of 
the superficial Atlantic circulation (MARLOW et al., 
2000). However, a rise in temperature and water 
level has been reported on the southwestern coast of 
the USA (ROEMMICH, 1992). Macrozooplankton has 
decreased in the last 50 years and it has been 
suggested that a higher surface water temperature 
contrasting with the higher upwelling intensity might 
have increased water stratification. It must have 
limited the ascension of nutrients to the euphotic layer 
(ROEMMICH; MCGOWAN, 1995). In the Cabo Frio 
system, no tendency to an increase in wind or 
upwelling intensities was observed between 1970 and 
1993 (Elias, unpublished data). 
Chan et al. (2008) reported a change in 
current dynamics facilitating anoxic and subanoxic 
conditions that could be the cause of the mass 
mortality of fishes and invertebrates in the California 
system (GRANTHAM et al., 2004). Despite no anoxic 
conditions' having been observed in SACW, there are 
human effects such as the sewage impact in the 
Marine Extractive Reserve of Arraial do Cabo that 
need to be controlled (PEREIRA et al., 2010; CURY 
et al., 2011). Further, the emission of chemical 
substances could undergo an increase in their toxicity 
by microbial transformation and thus affect resident 
communities (SOARES, 2008). 
Port activity, the introduction of exotic 
species (FERREIRA et al., 2004) and the extraction of 
live and inert aquaria supplies are other threats to local 
biodiversity (GASPARINI et al., 2005). The 
traditional, artisan fishery led to the creation of the 
Marine Extractive Reserve of Arraial do Cabo in 1997. 
However, adequate management is still necessary to 
solve local conflicts. Protection areas have 
been considered a possible solution for marine 
Brazilian biodiversity maintenance but adequate 
management strategies are not usually implemented in 
these areas (FLOETER et al., 2006). 
  
CONCLUDING REMARKS 
  
The Cabo Frio system presents lower Ekman 
transport, nutrient concentration, primary biomass and 
productivity as well as fishery production than the 
other main upwelling regions. This probably has to do 
with the Earth's rotation since the main upwelling 
areas are on the western side of the African and 
American continents. Moreover, the highest upwelling 
intensity is found in the southern hemisphere. 
Some ecological patterns typical of 
upwelling ecosystems are also observed in the Cabo 
Frio region in spite of the need for further study. As 
shown in table 1, the Cabo Frio system is the subject 
of considerably fewer publications than the main 
upwelling regions, even if its smaller area is taken into 
account. However, considering the extension of the 
Brazilian upwelling system - from the State of Espírito 
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Santo to that of Rio Grande do Sul - the Cabo Frio 
region concentrates almost 35 % of all the studies 
written on the upwelling environments of the Brazilian 
coast. 
Reports on the Cabo Frio system have 
focused on the environmental sciences/ecology, and 
marine biology sciences, as is also to be observed in 
studies on the African and Chilean upwelling systems. 
Publications from these regions also focus on 
oceanography sciences, just as do those on the 
California and Peru systems. However, studies on the 
Cabo Frio system in the meteorological and 
atmospheric sciences are frequent whereas 
zoological/botanical reports are scarce. The ecological 
implications of its local diversity deserve to be more 
fully described since the Cabo Frio region presents 
environments with both tropical and subtropical 
features (Fig. 3). Studies of the Brazilian 
upwelling began more recently than did those on the 
main upwelling systems - and knowledge of these 
more adequately  studied areas could improve, with 
due local adaptation, our understanding of the Cabo 
Frio system. 
  
Table 1. Number of papers published on the world's main 
coastal upwelling areas and the major subject areas with 
which they deal, and those on the Brazilian and Cabo Frio 
(CF) region, up to December/2011. Source: ISI Web of 
Knowledge®. 
 
Subject 
Area/System 
California Africa Chile Peru Brazil 
(CF) 
Oceanography 883 363 261 196 76 (21) 
Marine Biology 779 436 273 142 95 (33) 
Geology 759 507 208 192 94 (19) 
Environmental 
Sciences/Ecology 
558 470 253 209 92 (38) 
Total 1744 1317 535 493 269 (93) 
 
The Cabo Frio region calls for more research 
into its oceanographic and biological variability, 
especially of its inter-annual and decennial changes, as 
well as into the anthropogenic and natural influences 
that affect it. Studies coupling nekton and larval 
transport to oceanic dynamics are few. 
Trophodynamics and trophic webs are not yet well 
established, limiting adequate fishery management 
since little is known of the population dynamics of fish 
in the Cabo Frio region. For example, the role of small 
pelagic fish within this system should be studied. The 
association between primary production and fishery 
stock is not as well established in the Cabo Frio 
system as it is for the other main upwelling areas. 
The potential influence of global warming 
on Cabo Frio biodiversity is still not sufficiently 
understood. Studies on local and regional variability 
are to be encouraged, particularly those on links in the 
ecosystem related to physical-chemical-biological 
interactions. Temperature should be considered a 
crucial aspect since it is reflected in physical actions 
and determines biological adaptation and physiology 
as well as representing the main topic of discussion in 
an age of global warming. Studies on the coupling of 
pelagic and benthic environments are scarce and 
evaluation of global and local impacts is lacking. The 
presence of tropical and subtropical environments in 
close association is a feature of this region. 
Multidisciplinary studies on increased spatial and 
temporal scales are, therefore, needed to lay a 
better foundation for adequate management of 
biodiversity and of decision-making processes. 
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